A coarse-grained intermolecular potential has been parametrized for phenyl-based molecules. The parametrization was accomplished by fitting to experimental thermodynamic data. Specifically, the intermolecular potentials, which were based on Lennard-Jones functional forms, were parametrized and validated using experimental surface tension, density, and partitioning data. This approach has been used herein to develop parameters for coarse-grained interaction sites that are applicable to a variety of phenyl-based molecules, including analogues of the amino acid side chains of phenylalanine and tyrosine. Comparison of the resulting coarse-grain model to atomistic simulations shows a high level of structural and thermodynamic agreement between the two models, despite the fact that no atomistic simulation data was used in the parametrization of the coarse-grain intermolecular potentials.
I. Introduction
There is continuing interest in developing a coarse-grained (CG) potential for computational studies of soft matter and biological systems. CG models provide a means to expand the utility of existing computational resources by allowing the exploration of far greater temporal and spatial scales than is possible with traditional MD simulations utilizing full atomic (AA) detail. However, the added efficiency comes necessarily at a cost, namely, loss of resolution in the description of the system. Typically, several atoms comprise a single CG interaction site, thus reducing the number of interacting particles necessary to characterize the system. With this approach in mind, many groups have developed CG models using various approaches with numerous applications appearing in the literature over the past four decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Herein, we present the application of a recently proposed methodology to develop CG MD models for phenyl-based molecules. This method is unique in that it removes the common dependence on AA MD simulations by making extensive use of experimental thermodynamic data. This approach builds on previous work by Nielsen et al., 16 which was extended and applied to the development of CG parameters for PEG surfactants and amino acids. [10] [11] [12] 17 Phenyl-based molecules are of particular importance from a biological standpoint as they are constituents of proteins; for example, phenylalanine (PHE), tyrosine (TYR), and tryptophan (TRP) and are building blocks for other biologically important molecules. These molecules have been the focus of previous CG parametrization approaches. 9, [18] [19] [20] [21] [22] [23] [24] The CG models and parametrization methodology presented herein are currently being employed for the development of CG models for a wide range of systems including lipids, amino acids, and charged surfactants. In our companion paper, we show how to adapt the present CG model to enable studies of fullerenes. 25 The methodology used for the parametrization and validation of the CG models will be presented in section II. The details of the parametrization will be presented in section III. In order to validate the model, comparison to AA MD and experimental data will be presented in section IV. Finally, the conclusions will be presented in section V.
II. Methods
A. Coarse Grain Model Potential. For generality and ease of implementation, the present CG model employs LennardJones (LJ)-style nonbonded potential functions. This work and previous work has demonstrated the ability of these potentials to model systems at the CG level with sufficient accuracy to predict phase behavior and interfacial properties of surfactants. [10] [11] [12] For the models developed herein, the CG beads interact via a LJ 9-6 or LJ 12-4 potential given as follows
The choice of prefactors for the LJ functions are selected such that V(σ) ) 0 and is the well depth. The choice of the LJ functional form (for example the LJ 9-6 in eq 1) is essentially an adjustable parameter used in the fitting procedure. We have previously explored various LJ styles including 6-4, 8-4, 10-4, 9-6, and 12-4. 10 For alkane interactions, the choice of V(r) 9-6 ) 27 4 (
the 9-6 functional form was validated by comparison of CG liquid structure to AA MD results. 10 The adoption of the 9-6 functional form here provides the ability to reproduce several properties with the CG model and maintains consistency with existing CG models. 10, 11 Finally, the CG water (W) model used herein was developed previously in our group and employs a LJ 12-4 functional form for the nonbonded interactions between the water sites. Details can be found in our previous work. 10 A simple truncation, implemented at a distance of rcut ) 15 Å, is employed for the long-range cutoff, with no smoothing or shifting. This length is sufficient to avoid gross artifacts resulting from discontinuity; however the cutoff length, rcut, does affect the thermodynamic properties and so is effectively treated as a CG fitting parameter. The parameters in the LJ function are fixed by reproducing known thermodynamic data. For single component systems, both and σ can be unambiguously fixed by using a combination of density and surface tension as targets. The cross interactions arising from nonidentical CG sites can be generated using the Lorentz-Berthelot combining rules given by eq 2.
Here, aa and σ aa represent the self-interaction values for and σ, and ab and σ ab represent those for the cross interactions. The Lorenzt-Berthelot mixing rules are not used without testing to evaluate the ability of the parameters to reproduce the correct target values (in this case, density and surface tension). If needed, further adjustments are made to the parameters to give better agreement with target data. Further, the use of mixing rules to develop parameters between particles with different functional forms (9-6, 12-4) for the self-interactions would not, in general, be expected to yield good results. Nonetheless, this approach could be used to generate an initial set of parameters, which would be followed by testing and, if needed, further refinement.
The bond and angle interactions are modeled via harmonic potentials given by eqs 3 and 4 where r 0 and k b represent the equilibrium bond length and force constant for bonds; θ 0 and k a represent the equilibrium angle value and force constant for angles.
Dihedrals are modeled using eq 5 which is based on the LAMMPS implementation of the CHARMM dihedral potential. In that implementation, K d is the force constant, n (integer g 0) determines the periodicity, and d (integer value of degrees) is the equilibrium dihedral angle input as an integer. The terminology used here matches that used in the LAMMPS documentation.(http://lammps.sandia. gov/). In this work, all dihedrals are modeled with the same parameters, k d ) 60 kcal/mol, n ) 1, and d ) 180°with the weighting factor (preventing double calculation of 1-4 interactions) set to 0.0 (see LAMMPS documentation).
B. Molecular Dynamics Simulations. For work performed here, AA MD simulations were carried out using the NAMD MD package, 26 and analysis was performed using the visualization tool VMD. 27 The CHARMM PARAM27 force field was used with the van der Waals interactions truncated at 12 Å and the standard CHARMM smoothing function from 10 to 12 Å. 28 The long-range Coulomb interactions were handled via the particle mesh Ewald method. 29 Constraints were applied to bonds involving hydrogen atoms using the SHAKE/RATTLE (ROLL) method. 30 CG MD simulations were performed using the LAMMPS code developed at Sandia National Laboratory and extended by our group to implement our CG models. 31 This extension is now part of the standard LAMMPS release available at http://lammps.sandia.gov. A time step of 10 fs was used for the CG simulations, without using multitime step integrators, although this could be extended to a larger value by taking advantage of such algorithms. As a test, bulk properties calculated for benzene using 4 and 20 fs did not significantly diverge from those calculated using 10 fs. Simulations involving water and hexane were performed using parameters previously developed for those solvents. 10 The CG model for water maps three water molecules per CG site. Details of the CG water model were previously reported, where the CG type was labeled "W" (this type label will also be used here to identify the CG water model), with parameters provided by Shinoda et al. 10 Details and parameters for the CG sites used to model hexane and heptane were also previously reported. 10 The hexane model was produced by combining two "CT" CG sites (CT-CT) with a bond; heptane was modeled using "CT2" and "CM" CG sites (CT2-CM-CT2) including bonds and an angle. The parameters are provided here for convenience.
C. Surface Tension and Density. The surface tension, γ, was calculated from CG MD simulations via where L z is the box dimension in the z-direction and P aa is the isotropic pressure tensor for each Cartesian direction, where a represents x, y, or z. 29 For pure systems, equilibrated simulation boxes were used as starting configurations. The z-dimension of the box was extended to create an interface with the vacuum perpendicular to the z-axis. Simulations were carried out for roughly 10 ns. Density calculations were performed with NPT simulations averaged over roughly a 5 ns simulation time. Finally, all MD simulations were performed at a temperature of 303 K, unless otherwise specified.
It is important to point out that the CG potentials developed here are effective potentials of mean force. The potentials subsume some of the entropy that is removed as a result of the reduction in the number of degrees of freedom. The implication here is that the virial, and hence the surface tension formula, is not rigorous. As such, the potentials are nonadditive and valid only for a specific state point. This limitation is not confined to the potentials presented here but is a common artifact of the effective pairwise potential including many AA and most other CG models. [32] [33] [34] D. Partitioning. The solubility of molecules in various solvents can be used as a measure of relative hydrophobicity. Indeed, much work has been done to relate hydrophobicity scales to the partitioning between various solvents and their vapor phases such as air-water, water-hexane, and so forth. [35] [36] [37] This data also makes an excellent target when developing a model or a good source of validation for an existing model,
particularly for molecules in heterogeneous environments. Although partitioning can be directly evaluated in MD simulations, it is often more efficient to use enhanced sampling techniques to calculate a free energy for transferring a solute molecule from one phase to another. Thermodynamics then allows the direct comparison of partition coefficients to transfer free energies. Many values for the partitioning (or free energy) of phenyl-based molecules from water to hexane (and other alkanes including cyclic hydrocarbons) exist in the literature. Sharp et al. performed a careful evaluation of experimental partitioning data and considered the often overlooked entropic contributions which enter into the equations as volume corrections for conversion of the partitioning data to free-energy values.
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E. Free-Energy Methods. For the CG models, the potential of mean force (PMF) calculations (solvation free energy and dimerization energy) were performed using steered MD simulations implemented in LAMMPS. 31 The forces calculated from the nonequilibrium steered MD trajectories are related to the equilibrium free-energy difference via Jarzynski's equality. 40 Solvation free-energy calculations were performed starting with a box of equilibrated CG water and then extending the z-dimension of the box, thus forming a vacuum region with the interface perpendicular to the z-axis. The target molecule (benzene, toluene, etc.) was inserted and pulled at a constant velocity in the z-direction through the box from water to vacuum.
Transfer free energies were calculated using a system containing a mixture of hexane and water phases with the interface perpendicular to the z-axis. The target molecule was pulled from one solvent to the other (hexane to water) at a constant velocity. For solvation and transfer free-energy calculations, the reaction coordinate was taken as the z-axis, which was perpendicular to the air-water and hexane-water interfaces, respectively. Our model, being designed to reproduce the experimental surface/interfacial tension, provides well-defined boundaries at air-water and hexane-water interfaces. The reaction coordinates were extended in both directions until asymptotic behavior was displayed in the PMF, indicating bulk phase solvation.
The dimerization free-energy calculations were performed on systems which contained two identical molecules in a box of CG water. The PMF was calculated by pulling the molecules together from a distance large enough to ensure monomeric solvation. The reaction coordinate was taken as the center-ofmass (COM) distance between the two molecules and extended from 3 to 12 Å separation. For all of these calculations, a pulling speed of 1 Å/ns and force constant of 50 kcal/mol/Å 2 was used. Since these calculations are relatively inexpensive in CG MD, highly converged PMFs were calculated using roughly 50 repetitions along the full reaction coordinate.
For the AA systems, dimerization free-energy calculations (PMF between two identical molecules) were calculated with NAMD using the CHARMM PARAM27 force field and the adaptive biasing force (ABF) method. 26, 28, 41, 42 The reaction coordinate used here was the distance between the COM of the two molecules (as in the corresponding CG calculations). Samples were taken for COM distances of 3 to 12 Å with bins 0.2 Å in width. Simulation times of 30 ns were used, resulting in accumulation of at least 250 000 samples for each bin.
III. Parametrization
A. Coarse-Grain Mapping. In order to develop a CG model that can be used for MD simulation of functionalized benzene moieties such as toluene and p-cresol, the mapping level was carefully examined. It is well-understood that the act of coarsegraining necessarily requires the loss of some level of detail in the representation of the system of interest. Taken into consideration were the consequences of representing a highly planar structure such as benzene with a small number of spherical sites and how this would affect the effective size and shape of the CG model. For modeling phenyl-based amino acids (PHE, TYR, TRP), this could have serious implications for sidechain packing, as shown in our previous work. 12 Further, for TYR (p-cresol), the need to construct the para configuration was a factor. Considering these points, a four-site model was selected.
This level of CG mapping introduces a smaller reduction in the number of interaction sites than is typical with our CG models but is necessary to capture the highly planar geometry of the phenyl-based molecules and allow a more accurate representation of para configurations for functionalized phenyls. Nevertheless, significant computational savings are still gained with the use of this CG representation, especially if one considers that long-range electrostatic interactions have been removed and that typically most of the simulation box contains solvent, for example, water, which is significantly more computationally efficient in the CG approach.
B. Benzene. The starting point for parametrization of phenylbased molecules is benzene. In the CG model presented here, benzene is represented by four equivalent sites, leading to a mapping ratio of 4 CG sites to 12 atoms in the AA representation. The CG type for benzene is identified as BER, and the AA to CG mapping is shown in Figure 1 . The intramolecular potential was parametrized to reproduce the bond distances and angles taken from a geometry-optimized structure based on Hartree-Fock ab initio theory at the 6-311G* level. AA MD simulations were performed, and the trajectories were mapped to the CG representation. On the basis of this mapping, it was observed that CG benzene is essentially a rigid ring structure. To reproduce this characteristic, the force constants in the CG intramolecular force field were set to produce an essentially rigid ring structure. A similar method was used for parametrization of the intramolecular potentials for all molecules shown here. Parameters for eqs 3 and 4 are given in Tables 1 and 2 , respectively. Finally, a dihedral angle was used to maintain a planar ring geometry. The LJ parameters for the BER-BER interaction were adjusted to reproduce the experimental surface tension and density of pure benzene at 303 K, and the values are reported in Table 4 . For the interaction with water (BER-W), the LJ parameters between BER and W were fit to reproduce the experimental interfacial tension between benzene and water. This is a viable option for liquids that are not miscible. The results for the interfacial surface tension are given in Table 4 .
C. Toluene and p-Xylene. The toluene CG model is composed of three BER-type CG sites and an additional site, XYR, to account for the additional methyl group attached to the benzene ring. The left side of Figure 2 shows the AA representation of toluene with the three BER sites (black) and the XYR site (blue) superimposed over the AA structure of toluene. These parameters are given in Tables 1 and 2 . For parametrization of nonbonded interactions between XYR-XYR and XYR-BER, an iterative procedure was used. Along with the BER-BER parameters developed above, an initial guess was made for XYR-XYR, and then BER-XYR was fixed using eq 2. This parameter set was tested and then the procedure repeated until the properties of pure toluene were in acceptable agreement with experimental values as shown in Table 4 . For the interaction between water and toluene, the BER-BER, XYR-XYR, BER-XYR, and BER-W nonbonded interaction parameters developed above were used, leaving only the XYR-W interaction to be fixed. This interaction was adjusted in order to reproduce experimental interfacial tension data between toluene and water (see Table 4 ). The mapping for p-xylene is shown on the right side of Figure 2 . Here, two XYR sites (blue) and two BER sites (black) are used to model p-xylene. No further parametrization was needed for the p-xylene model. The parameters developed to this point show a high level of transferability (with regard to being applicable to molecules other than the one used in the parametrization, for example, using the BEN CG site in CG toluene) and accurately reproduced the bulk behavior of p-xylene, as shown in Table 4 .
D. Phenol and p-Cresol. The phenol and p-cresol models require a new CG site labeled PHR as well as the existing BER and XYR (for phenol) sites (see Figure 3) . Parametrization of species that have melting points above room temperature is, in general, an issue for the current approach. As discussed in section II, this results from the fact that the parameters developed here are effective potentials valid at the temperature that they were parametrized for, which for the current model is 303 K. However, phenol and p-cresol have melting temperatures of 313.65 and 308.65 K, respectively. Fortunately, these temperatures are not significantly higher than the target temperature, and this is not expected to cause significant problems. For example, with the current water model, a temperature shift of 20 K causes less than 0.1% deviation in the density compared a The * indicates that combination rules given from eq 2 were used, and -are for interaction parameters that were not yet developed. The parameters for self-interactions and cross interactions between CT, CM, CT2, and W were previously developed and reported.
to the experimental value and no deviation for surface tension. In order to ensure we are well within the liquid range for these species, temperatures slightly above the melting points, 318.15 and 313.15 K, were used for parametrization of the phenol and p-cresol molecules, respectively. The same iterative procedure used for the XYR site was used here for the PHR site. An initial guess was made for PHR-PHR; using these parameters, the BER-PHR and XYR-PHR interactions were set using eq 2. This parameter set was tested and the procedure repeated until acceptable agreement with experimental data was achieved. Table 1 shows that the PHR CG site performs very well for both phenol and p-cresol. For solutes miscible in water, interfacial tension with water is not a viable target to use for fitting the water interaction (PHR-W). Instead, we can take advantage of solvation free-energy data. Using the BER-W and XYR-W interactions from above, the PHR-W interaction was fit to reproduce the experimental hydration free energy of p-cresol (see Table 5 ). This calculation was performed at 303 K.
IV. Results
The thermodynamic data for various molecules calculated from CG MD simulations are compared to the experimental values in Table 4 . The CG interaction parameters developed here are summarized in Tables 1-3 . Here, we show the results for comparison of the CG model with AA MD simulations and experiment.
A. Radial Distribution Functions. Bulk simulations of benzene, toluene, and p-cresol were performed using both CG and AA representations. The RDFs, g(r), from these simulations were calculated and compared to evaluate the structural properties of the CG model. In the AA simulations, the RDF was calculated by mapping the center of mass of all of the atoms to a single CG site and then calculating the RDF under this mapping. The same approach was used for the CG model. It should be noted that AA MD simulations were not used in the parametrization of the nonbonded interactions of the CG MD model. Figure 4 shows the comparison of the RDF calculations from AA MD and CG MD for benzene, toluene, and p-cresol. The upper panel of Figure 4 compares the benzene RDFs from the CG simulation (red dashed line) and the AA simulations (black solid line). The line shapes are in excellent agreement with the CG model, displaying a slightly larger magnitude in the first neighbor peak. To evaluate the effect of the difference in magnitude, the number of CG molecules, N, within the distance of the first minimum was calculated via eq 7.
In eq 7, R is the first minimum in the RDF, taken as 7.5 Å for benzene. Calculation of N for AA MD and CG MD gave, respectively, values of N ) 11.9 and 12.0, which indicates that the slight differences in magnitude of the first neighbor peaks do not lead to a large difference in the local density. Comparison of the toluene RDFs from AA MD (black solid line) and CG MD (red dashed line) is shown in the center panel of Figure 4 . Again, a high level of agreement is displayed, with the line shape from AA and CG showing little differences. The CG MD result displays a slightly larger magnitude in the first neighbor peak, as in the case of benzene. Further, a slight shift in the position of the first minimum is noted, albeit very small (less than 0.5 Å). Integration of the RDF using eq 7 yields values of 
N ) 13.5 and 13.7 for AA MD and CG MD, respectively, with R ) 8.5 Å. The lower panel of Figure 4 compares the RDFs for p-cresol from AA MD (black solid line) and CG MD (red dashed line). The overall line shape from the two methods shows excellent agreement in this case as well. Again, a slightly larger magnitude in the first neighbor peak is demonstrated in the CG MD result, as in the case of benzene and toluene. Further, the first minimum is slightly lower in magnitude for the CG model compared to that for AA MD. These slight deviations in the RDF do not lead to a large difference in the number of nearest neighbors with N ) 12.0 and 12.0 for AA MD and CG MD, respectively. Overall, the CGMD demonstrates a high level of agreement with the AAMD simulations, with near-quantitative agreement for all three systems. B. Solvation Free Energy. The BER-W and XYR-W interactions were set using the interfacial tension data for benzene, toluene, and p-xylene. To test the effectiveness of these interactions and the validity of creating molecules from individual CG sites, solvation free-energy calculations were performed. The solvation free-energy profiles for benzene and toluene are shown in Figure 5 . The labels indicate the vacuum and water regions, and the interface is positioned at 0 Å on the x-axis. The result for benzene, upper panel of Figure 5 , indicates that the solvation free energy predicted by the CG MD model is -0.75 kcal/mol, which is in reasonable agreement with the experimental values, which range from -0.76 (uncorrected) to +2 kcal/mol (corrected). [35] [36] [37] The minimum located at the air-water interface indicates that the CG benzene model is surface-active in water/vacuum systems, with an adsorption free energy (transfer from bulk water to the interface) of roughly -2.7 kcal/mol, which is in reasonable agreement with previous AA MD simulations for benzene. 43 The center panel of Figure  5 shows the free-energy profile for transferring toluene from vacuum to water. The CG MD model gives a value of -0.97 kcal/mol, which again shows reasonable agreement with the experimental values ranging from -0.8 (uncorrected) to +2 kcal/mol (corrected). [35] [36] [37] As with benzene, the free-energy profile indicates that toluene is surface-active. The adsorption free energy, -2.9 kcal/mol, is slightly larger for toluene as compared to that for benzene, which is to be expected. Finally, the PHR-W interaction was set using the volume-corrected solvation free energy value for p-cresol, -3.2 kcal/mol. [35] [36] [37] The profile from the final fitting is shown in the lower panel of Figure  5 . An adsorption free energy of -2.3 kcal/mol is shown in Figure 5 , which is comparable with the experimental value of -4.4 kcal/mol.
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C. Transfer Free Energy. The CG models presented here were parametrized to interact with an alkane model previously developed in our group. 10 The resulting free-energy profiles for transferring benzene, toluene, and p-cresol from hexane to water are shown in Figure 6 . In these plots, the water and alkane regions are labeled accordingly, and the interface is positioned at 0 Å on the x-axis of the plot. The level of detail obtained can be seen in Figure 6 , where the water-to-hexane transfer free energy (black line) for benzene is -5.2 kcal/mol, which is in agreement with the volume-corrected experimental value of -5.4 kcal/mol. [35] [36] [37] [38] [39] Further, the interfacial activity of benzene at the hexane/water interface is predicted to be small as no significant minimum appears at the interface between the two solvents. Also shown in the upper panel of Figure 6 is the PMF for transferring benzene from water to heptane (red line with circles). Since the transfer free energy of a solute from water to alkane should demonstrate little dependence on the specific solvent alkane, it is expected that the water/heptane transfer free energy should be similar to that of water/hexane for the model. As demonstrated in Figure 6 , this is the case. The transfer freeenergy profile (water-to-hexane) for toluene is shown in Figure  6 . The CG MD model was parametrized to give a value of -7 kcal/mol, which is in agreement with the experimental value of -6.9 kcal/mol. [35] [36] [37] [38] [39] Again, no interfacial activity is predicted for toluene at the interface existing between hexane and water. The volume-corrected experimental transfer free-energy data (water-to-hexane) for p-cresol give a value of -2.9 kcal/mol in going from water to hexane. As shown in the profile, the CG MD force field was parametrized to give a transfer free energy of -3 kcal/mol, which is within acceptable agreement with the experimental value. Unlike benzene and toluene, the CG MD p-cresol model demonstrates a substantial adsorption free energy (bulk hexane to interface) of approximately -1.8 kcal/mol, indicating interfacial activity which is consistent with atomistic calculations of partitioning in a lipid bilayer. [35] [36] [37] [38] [39] 45 D. Dimerization Free Energy. As indicated in the parametrization section, self-interactions between the phenyl-based CG sites are set using simulations of the pure target molecule. The water interactions are then set using interfacial tension data with water or water/vacuum transfer (solvation) free-energy data. This does not directly take into account the relative interaction between the target molecules in water. In order to test the balance of interaction strengths, PMFs were calculated for separating dimers in an aqueous environment via AA MD and CG MD. The calculations were also performed using the MARTINI CG model for comparison. 9 These calculations were performed on two analogues of the amino acid side chains, toluene and p-cresol, as applications of these models to protein simulations is one of the primary goals of our force field development. The PMF for separating two toluene molecules in water is shown in Figure 7 The dimerization PMF data can be compared to experimental data via McMillan-Mayer theory, which relates the PMF, w(r), to the osmotic second virial coefficient, B.
46,47 Although we were not able to locate data for toluene, an experimental value for benzene has been measured, B ) -1.2 × 10 3 Å at 308.15 K. 48 Using eq 8 where the PMF, w(r), is written as a function of the distance, r, between the COM of the two molecules, a value of B ) -1.4 × 10 3 Å was calculated for toluene with the CG MD model at 303 K. 46, 47, 49 The PMF and B are also in good agreement with previous AA MD calculations performed on toluene. 49 The PMF for separating two p-cresol molecules in water is shown in Figure 8 for AA MD (black solid line), CG MD (red dashed line), and the MARTINI model (green squares). Comparison between the CG MD and AA MD results here shows more qualitative agreement compared to the results for toluene. Both predict essentially no barrier to dimerization; however, the AA MD results suggest stronger dimerization of p-cresol with a minimum of ∼-0.9 kcal/mol while the CG MD model predicts a minimum of ∼-0.25 kcal/mol. Further, the location of the minimum in the CG MD model is shifted to a slightly higher separation distance of ∼6 Å compared to the AA MD result of ∼5 Å. The models show similar behavior at short range (less than ∼3 Å), with both models predicting similar behavior on the repulsive wall. As seen in Figure 8 , the MARTINI model 
(green squares) shows more reasonable agreement for p-cresol than for toluene. As a result of the redundant nature of the MARTINI potential parameter set, the results for toluene and p-cresol are similar. The MARTINI model demonstrates reasonable short-range (<5 Å) agreement with the AA MD results. Similar to toluene, it predicts a barrier to dimerization of ∼0.5 kcal/mol. Nonetheless, the current CG MD model shows significant improvement of the thermodynamics, structure, and energetics over the MARTINI model for both toluene and p-cresol.
V. Conclusions
A systematic approach has been used to parametrize CG MD models for phenyl-based molecules. This class of molecules is important for applications including substituents of the amino acids PHE, TYR, and TRP, although the latter was not discussed here, as well as other applications such as carbon nanotubes, buckyballs, and larger carbon nanospheres. The models were parametrized against experimental thermodynamic data including solvation free energy, hexane/water transfer free energy, density, and surface tension. Further, despite the fact that AA MD simulations were not used in the parametrization, the models demonstrate a capacity to qualitatively reproduce AA simulation structural data. The calculation of the free energy of dimerization was also compared to AA MD simulations and experiment. These results indicate that the model quantitatively predicts the toluene dimerization free energy while qualitatively reproducing the same for p-cresol. It should be pointed out that the experimental values for p-cresol are not well-established. The current CG potentials show improvement over the MAR-TINI model when compared with AA MD, which suggests that they will be useful to provide insights into problems that are currently challenging with AA MD simulations.
